In Brief
Microtubule-dependent microtubule nucleation is mediated by the augmin complex. Watanabe et al. analyze an augmin subunit knockout mouse and find that, in the knockout embryo, intraspindle microtubules are reduced and MTOCs are not properly clustered, preventing bipolar spindle assembly.
INTRODUCTION
The mitotic spindle, a microtubule (MT)-based structure, is critical for equal chromosome segregation into two daughter cells. In mammals, mechanisms of spindle MT generation and organization have been studied mostly in cell lines, which often have a pair of centrosomes as the major MT generation sites and determinants of spindle bipolarity (Reber and Hyman, 2015; Walczak and Heald, 2008) . However, spindle MTs are additionally nucleated around chromosomes and from existing MTs. These MTs also play a critical role in efficient spindle assembly, chromosome segregation, and cytokinesis. In contrast, the in vivo spindle formation process in mammals has been less studied.
The mouse early embryo is a notable in vivo system, in which an atypical mechanism is employed for spindle assembly (Clift and Schuh, 2013; Courtois et al., 2012) . In the first several divisions after fertilization, centrioles/centrosomes are absent, and instead three or more acentriolar MTOCs (MT organizing centers) are formed during the prophase. Upon nuclear envelope breakdown (NEBD), MTOCs dynamically change their positions in the cell and are clustered to form two spindle poles. Thus, the critical step toward spindle bipolarity establishment is MTOC clustering during the prometaphase. However, its mechanism has been poorly characterized. Since errors in chromosome segregation and/or cell division during embryonic development are directly linked to birth defects, it is important to understand the mechanism underlying spindle formation at this particular stage.
Augmin is a conserved, eight-subunit protein complex originally identified in Drosophila cells . In every animal and plant cell type studied so far, augmin is required for MT-dependent MT nucleation (i.e., MT amplification) during cell division (Du et al., 2011; Hayward et al., 2014; Lawo et al., 2009; Meireles et al., 2009; Nakaoka et al., 2012; Petry et al., 2011; reviewed by Sá nchez-Huertas and L€ uders, 2015) . Augmin functions by localizing the g-tubulin ring complex (g-TuRC), a potent MT nucleator, to the existing MT (Goshima et al., 2007) . A failure in intra-spindle MT amplification results in the formation of an insufficient number of kinetochore MTs or anaphase central spindle MTs (Uehara and Goshima, 2010; . Here, we examine the physiological function of augmin during mammalian development using an augmin-deficient mouse by knocking out a core subunit of augmin, HAUS6 (also called Aug6/Dgt6/FAM29A).
RESULTS

HAUS6 Is Essential for Early Embryonic Cell Division
We disrupted the gene encoding the HAUS6 subunit of murine augmin (Figures S1A-S1C). Heterozygous deficient mice (Haus6 +/À ) were born healthy and fertile. However, all homozygous-deficient mice (Haus6 and S1D-S1G). In addition, strong g-tubulin punctate signals were scattered within the spindle ( Figure 1C ). These abnormal spindles were observed in KO embryos from 16-32-cell stage, during which centrioles/centrosomes were not yet formed (Figures S2A and S2B) (Courtois et al., 2012) . Thus, the abnormal spindle phenotype in Haus6 KO appeared before the centrosome formation. We also immunostained the embryos for HAUS6 and observed the signals along spindle MTs (Figures 1D, S1D, and S1E). We concluded that HAUS6, localized at the spindle, is essential for proper spindle formation during early embryonic development.
MTOC Clustering in Early Embryonic Cell Division Requires Augmin
We next crossed the Haus6 +/À mouse with a reporter mouse expressing GFP-tubulin (R26-GFP-Tuba) and performed live imaging of cell division of their intercrossed embryos (Figure 2A) . In control embryos (Haus6 +/+ and Haus6
), multiple acentriolar MTOCs appeared (Courtois et al., 2012) , and, in roughly half of the cases (47%, n = 30), they first assembled recognizable multipolar spindles and followed bipolar conversion during the prometaphase ( Figure 2B ; Movie S1). In contrast, in 27 out of 30 KO embryos, although multiple MTOCs appeared at a normal time, their clustering was incomplete and/or delayed for a long period of time (>60 min) (Figures 2C and S2C; Movie S2) . Non-clustered MTOCs were dynamically positioned at various sites within the spindle ( Figures 2C  and 2D ). The cells in KO embryos eventually delayed the anaphase onset ( Figure 2E ) and often entered into anaphase with non-clustered MTOCs ( Figure 2D ; Movie S2).
Live Imaging of Synchronized Mitotic MT Regrowth in Mouse Embryos
Because of the heterogeneity of the spindle formation process, we could not determine whether spindle MT generation was reduced in KO mice, a commonly observed phenotype associated with augmin depletion Nakaoka et al., 2012; Wainman et al., 2009) . To enable to analyze a large number of spindle images in the same focal plane, we developed a mitotic synchronization assay, involving MT depolymerization and regrowth ( Figure 3A ; Movie S3; Supplemental Experimental Procedures). Upon MT regrowth in the control embryo, multiple MTOCs emerged immediately (Figures 3B and 3C, 3 min) . The MT intensity gradually increased and multipolar spindles were then predominantly formed (11 min). However, MTOCs were clustered and those spindles were converted to bipolar spindles ( Figure 3B , 31 min). Bipolar spindles were successfully formed within 1 hr after MT regrowth in 29 out of 34 spindles, all of which progressed into the anaphase ( Figure 3D ). Further analysis of the bipolar conversion process indicated that multipolar spindles were frequently (46% of the observed spindles; n = 37) composed of multiple ''mini-bipolar spindles'' that were interconnected at one pole ( Figure 3C , 21 min and schematic illustration). The MTOC-MTOC coalescence of these multiple mini-spindles was accompanied by the extension of mini-spindles ( Figure 3C , 21-33 min and Movie S3, arrows). Extension and subsequent clustering were suppressed when the kinesin-5 (Eg5) inhibitor, monastrol, was added during spindle assembly ( Figure S3A ), suggesting that kinesin-5-dependent outward sliding of anti-parallel MTs provides a mechanism to ensure MTOC clustering.
After MT regrowth of KO embryos, we observed synchronous emergence of multiple MTOCs just like in control embryos, consistent with the notion that augmin is not required for MTOC formation (Figures 3E and 3F, 3 min and Movie S4) . However, those MTOCs were not completely clustered ( Figures 3D-3F ). The defect was observed independent of GFP-tubulin expression (Figures S3B and S3C) . Importantly, we could quantify the spindle MT intensity in the live synchronization assay. GFP-tubulin intensity in the spindle area was significantly reduced in KO cells compared to control cells ( Figure 3G ). We concluded that murine HAUS6 is required for intra-spindle MT assembly in early embryos.
Augmin-Dependent MTOC Clustering in the In Vitro CellCulture Model To further explore the mechanisms underlying MTOC clustering, we aimed to introduce a cell line model to study the process. We tested whether the spindle assembly process of an acentriolar cell line could mimic that of embryonic cells. Following methods previously described in , we established a HeLa cell line lacking centrioles after continuous treatment with centrinone, an inhibitor of Plk4 (Kleylein-Sohn et al., 2007) . However, we could not observe clear g-tubulin or MTOC foci during spindle assembly with immunofluorescence microscopy or live GFP-tubulin imaging, respectively ( Figures S4A and S4B ). We interpreted that acentriolar division in the centrinone-treated cell line does not well mimic that in mouse embryos.
We reasoned that formation of a bipolar spindle from multiple MTOCs during early development may be more similar to the spindle formation pattern in cancer cells and hepatocytes, in which multiple (three or more) centrosomes are clustered to form a bipolar spindle (Guidotti et al., 2003; Quintyne et al., 2005) . Indeed, previous studies have linked augmin with multipolar spindle formation in tissue culture cells that have two or more centrosomes (Kleylein-Sohn et al., 2012; Lawo et al., 2009; Leber et al., 2010) . However, the mechanism and timing of the induction of multipolarity remain unclear, which could be due to acentrosomal pole formation and centrosome/pericentriolar material (PCM) fragmentation (Kleylein-Sohn et al., 2012; Lawo et al., 2009; Leber et al., 2010) or might involve alternative mechanisms such as suppression of MTOC clustering. To gain insights into the mechanism, we artificially induced extra centrosomes in cells by ectopic expression of Figure 4B , 36-48 min). However, these occurred after a long arrest (149 ± 97 min after NEBD; n = 13). A similar clustering defect was observed during multi-centrosomal mitosis that was induced by blocking cytokinesis in the preceding mitosis ( Figure S4E ). These data indicate that MTOC clustering error is the primary defect after augmin depletion, as observed in mouse embryos. We next inhibited kinesin-5 using monastrol in synchronized HeLa cells that overexpressed Plk4 and were depleted of KIF15, a kinesin that redundantly functions with kinesin-5 in this cell line Vanneste et al., 2009 ). Upon addition of monastrol, a similar phenotype to the embryos was observed; multipolar structures were shrunk, during which the MTOCs failed to cluster ( Figure S4F ). These results indicate that MTOC clustering requires augmin and kinesin-5 in our in vitro cell model as well as in embryos, further suggesting similarity between the two systems.
Specific Suppression of Intraspindle Nucleation Leads to MTOC Clustering Failure The lack of MTOC/centrosome clustering observed in the absence of augmin might be due to failure in MT nucleation within the spindle or in other mechanisms controlled by augmin such as MT bundling/crosslinking (Hsia et al., 2014; Kamasaki et al., 2013) . To distinguish these two possibilities, we suppressed intra-spindle MT nucleation by another means, in which the augmin complex was kept intact. The NEDD1 (also called GCP-WD) component of g-TuRC interacts with augmin when its Ser 411 residue gets phosphorylated (L€ uders et al., 2006; ). The S411A mutation in NEDD1 does not affect centrosomal localization of g-TuRC but perturbs its binding to augmin, thereby specifically suppressing the MT-dependent MT nucleation inside the spindle (L€ uders et al., 2006; .
As expected, NEDD1 impaired the assembly of both centrosomal and intra-spindle MTs in our cell line ( Figures S4C and S4G ). Given that a high degree of depletion of NEDD1 induces monopolar spindle formation (Haren et al., 2006) , RNAi likely partially depleted NEDD1 in our study. Nevertheless, the expression of the NEDD1 [S411A] mutant restored MT assembly at centrosomes, whereas the intra-spindle MTs were sparse as observed in the HAUS6-depeleted cells ( Figure S4G ). We then expressed the NEDD1 [S411A] mutant together with Plk4 in NEDD1-depleted cells and observed that MTOC clustering was severely impaired (Figures 4D and 4F ; Movie S7; 8 out of 12 spindles failed to form bipolar spindles). This result is consistent with the idea that intra-spindle nucleation is required for MTOC clustering.
Interestingly, in a control sample in which Plk4 alone was expressed and NEDD1 small interfering RNA (siRNA) was treated for 48 hr, bipolar spindles were predominantly observed, although multiple MTOCs were detected and MT generation was severely suppressed during early prometaphase (Figures 4E and 4F; Movie S8; 15 out of 18 spindles formed bipolar spindles). An interpretation of this phenotype was that attenuation of centrosomal MT nucleation suppressed the MTOC clustering defect caused by inhibition of intra-spindle nucleation. Consistent with this interpretation, when NEDD1 was co-depleted with HAUS6, the failure in MTOC clustering was not frequently observed (Figures S4C and S4H; 15 out of 17 spindles formed bipolar spindle). We also introduced another means to globally inhibit MT nucleation; multi-centrosomal HeLa cells were treated with a g-tubulin-specific inhibitor, gatastatin . We observed a profound decrease in MT intensity, as well as bipolar spindle formation following MTOC clustering in 13 of 20 cells, which phenocopied NEDD1 RNAi, but not HAUS6 RNAi or the NEDD1 [S411A] mutant ( Figure S4I ). These results together support the notion that global (but partial) inhibition of MT generation does not perturb MTOC clustering and suggest that the specific reduction of intra-spindle MT assembly causes MTOC clustering failure.
DISCUSSION
We showed that loss of augmin in mice results in lethality during early development, which is different from zebrafish (the mutant fails hematopoiesis; Du et al., 2011) , fruit fly (the mutant is viable and female sterile; Meireles et al., 2009; Wainman et al., 2009) , and filamentous fungus (the disruptant is viable; Edzuka et al., 2014) . KO embryos reduced the amount of spindle MTs by $50% and presented a striking phenotype, a defect in MTOC clustering. This phenotype is different from that observed for g-TuRC at similar developmental stages in mice. The amount of MTs is more severely reduced in the absence of g-tubulin, but, interestingly, monopolar and bipolar spindles are predominantly observed (Yuba-Kubo et al., 2005) . Similarly, in mouse oocytes in which multiple acentriolar MTOCs are formed prior to spindle assembly, NEDD1 RNAi does not affect MTOC clustering despite the reduction of spindle MTs by 60% (Ma et al., 2010) . In contrast, a MTOC clustering failure has been observed during female meiosis lacking hepatoma upregulated protein (HURP), a MT-associated protein that mediates chromatin-proximal, intraspindle MT generation (Breuer et al., 2010) . These data, together with our results obtained in the in vitro model, suggest that the MTOC clustering defect in the absence of augmin is not a consequence of global MT reduction, but a specific reduction in intraspindle MTs ( Figure 4G ).
Lack of intra-spindle MTs might lead to imbalances in the forces applied to the spindle, which could hinder bipolar establishment (Lawo et al., 2009 ). In the absence of intra-spindle nucleation, longer MTs are generated from centrosomes, perhaps because more free tubulins are available for centrosomal MTs (Goshima and Kimura, 2010; Goshima et al., 2008) . Overly developed centrosomal MTs might repel the centrosomes from each other, which prevent clustering. Thus, MTs generated within the spindle may function to buffer the effect of centrosomal MTs and further provide the site of actions for the motors, such as kinesin-5, to slide apart or crosslink adjacent MTs. Consistent with this notion, recent studies have traced the minus ends of intra-spindle MTs and have identified kinesin-5 and other motors (kinesin-14 and dynein) as contributing to the transport of these and ten cells from four embryos, respectively) taken 15 min after MT regrowth were used for analysis. Data are represented as mean ± SD p < 0.001 (Mann-Whitney U test).
MTs toward spindle poles in mammalian and fly somatic cells (Ito and Goshima, 2015; Lecland and L€ uders, 2014) . Finally, the floxed and KO mice generated in this study could be a useful resource to assess the contribution of augmin in various tissues at later stages of development. An interesting target would be neurons, since a recent report suggests a possible involvement of augmin in dendrite branching through polarized MT generation (Yalgin et al., 2015) . Spindle MT regrowth in a synchronized Haus6 +/-embryo expressing GFP-tubulin (Gray). Multiple MTOCs were clustered and formed bipolar spindles in a synchronized manner. Multipolar spindles were sometimes composed of multiple mini-bipolar spindles that were interconnected at one pole. The MTOC-MTOC coalescence of these multiple mini-spindles was accompanied by the extension of mini-spindles. Thirty-eight confocal sections were taken at z intervals of 2 µm every 2 min using TE2000 equipped with a 40×, 1.3 NA Plan Fluor oil immersion objective lens (Nikon), the CSU-X1 confocal unit, and an electron multiplying charge-coupled device camera (ImagEM).
Maximum projections of the confocal sections were obtained for every time point using MT generation after NEBD was slow, but multipolar spindles were assembled from 4
MTOCs and converted into a small-size bipolar spindle. Eight confocal sections were taken at z intervals of 2 µm every 3 min using TE2000 equipped with a 40×, 1.3 NA Plan Fluor oil immersion objective lens (Nikon), the CSU-X1 confocal unit, and an electron multiplying charge-coupled device camera (ImagEM). Maximum projections of the confocal sections were obtained for every time point using ImageJ. Arrowheads indicate MTOCs.
Supplemental Experimental Procedures Reagents
SiRNAs and plasmids used in this study are described in Table S1 and S2. Rabbit polyclonal anti-HAUS6 antibody was generated with a C-terminal fragment of murine HAUS6 (671-933 a.a.), which was expressed in and purified from Escherichia coli.
Anti-murine HAUS6 (1:500 for culture cells and 1:100 for embryos), anti-NEDD1
(1:500; Abnova), anti-Centrin (1:500; Sigma), anti-human HAUS6 (1:500) , and anti--tubulin (DM1A; 1:500; Sigma) were used for immunoblotting. Anti-RFP (1:1000; Rockland), anti--tubulin (YL1/2; 1:1000 for culture cells and 1:500 for embryos; Serotec), and anti--tubulin (GTU88; 1:200 for culture cells and 1:50 for embryos; Sigma) were used for immunofluorescence. Gatastatin was used at 30 µM, following . (5-CCTCCCACCAACTACAGACC-3), Neo_fw1
Animals, genotyping, and Southern blotting
(5-GTACTCGGATGGAAGCCGGTCTTGTC-3), and Neo_rv2 (5-CCGGAA GCTCGTGTCTAAAG-3) ( Figure S1A ). R26-EGFP-Tuba mice (Accession No. CDB0245K: http://www2.clst.riken.jp/arg/reporter_mice.html) were obtained from RIKEN CDB and backcrossed into C57BL/6N for more than five generations before crossing with Haus6 +/-mice. The R26 allele was detected as previously described (Abe et al., 2011) . Embryonic stages were estimated by examining the vaginal plug at noon and the day was defined as embryonic day 0.5 (E0.5). Southern blotting was performed with an external probe (Figures S1A and S1B) using a chemiluminescence detection system (AlkPhos Direct, GE Healthcare) according to the manufacturer's instructions and as described previously (Watanabe et al., 2013b) . The early developmental failure phenotype was confirmed in two different ES clones ( Figures S1B and S1C ).
Embryo collection, cell culture, and transfection Embryos were collected from mouse oviducts at E2.5 with M2 medium (Sigma) and further cultured in KSOM medium (ARK resource) droplets covered with paraffin oil.
We used embryos from natural mating (i.e., without hormone treatment for superovulation) and observed the cell division process without injection. HeLa, NIH 3T3, PAM212, and HeLa cells stably expressing GFP-tubulin (EGFP-tub HeLa) were cultured, synchronized as described previously (Watanabe et al., 2008; Watanabe et al., 2013a) , and transfected with Lipofectamine RNAiMAX and Lipofectamine 3000 according to the manufacturer's protocol. confocal microscope (TCS-SP8; Leica) with a 63× 1.4 NA Plan Apo CS2 oil immersion objective lens was used. These microscopes were controlled by micromanager, Nikon's NIS elements, or Leica's built-in software, respectively. Live imaging of embryos was performed as previously described (Yamagata and Ueda, 2013) z-sections and multiple xy-positions every 1.5 or 3 min for 8-12 h. The z-section images were taken every 0.5 or 2 m for immunofluorescence and live imaging, respectively. Immunofluorescence analysis of embryos was performed as described previously (Ogushi and Saitou, 2010) . Briefly, embryos were fixed and permeabilized planes, in which the MTOC and the spindle pole were found. In this analysis, the spindles that were oriented nearly parallel to the focal plane were selected, as two spindles poles could be unambiguously identified at the onset of anaphase; the two poles were back-tracked during prometaphase and metaphase. This method was also applied to the KO spindles for which MTOC clustering was often incomplete; in this case, the two furthest MTOCs at anaphase onset were defined as spindle poles.
Synchronized mitotic MT depolymerization/regrowth assay in mouse embryos
Embryos at E2.5 were cultured in KSOM for 20 h and further cultured for 12-16 h in KSOM containing 5 µM nocodazole (Merck) to arrest the embryos in mitosis. Most
MTs are depolymerized by this treatment. The synchronized embryos were then washed three times with ice cold KSOM and cultured for 30 min on ice to completely depolymerize MTs. Complete depolymerization of MTs was confirmed in independent experiments by immunofluorescence. The embryos were washed twice in prewarmed KSOM medium and the regrowth of MTs was observed by live imaging at 37°C. In our hands, 3 min is required to transfer the culture dish onto the temperature-controlled stage chamber and to adjust the optical focus; therefore MTs already emerged at the time of the first image acquisition. For drug treatment experiments, MT regrowth was induced for 5-10 min on the microscope. The embryos were then transferred to medium containing DMSO or 100 M monastrol, and the effect was observed by live imaging at 37°C.
Statistical Analysis
Data were evaluated using indicated statistical tests on Prism 6.0 software (GraphPad).
A value of p < 0.05 was considered statistically significant. Table S1 . siRNAs used in this study 5'-CAGUUAAGCAGGUACGAAAtt-3' NEDD1 (human) 5'-GCAGACAUGUGUCAAUUUAtt-3' (Luders et al., 2006) KIF15 (human) 5'-GGACAUAAAUUGCAAAUAC-3' DNA is represented in lower case. AAA AGA TCT GAA CCC CCA ACA GAA GAT GTG TC BamHI / BglII NIH 3T3 cDNA (a) A gift from R. Uehara (Hokkaido Univ, Japan). The full length human Plk4 (XM_005262701.1) was cloned with cDNA derived from RPE1 cells.
(b) A vector used in ) was used as the PCR template. (c) (Watanabe et al., 2013a) 
